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INTRODUCTION 
The growth of a fatigue crack is generally modeled in terms of 
empirical rules such as the Paris law [1] which states that da/dN - A(ßK)m 
where a is the crack length, N is the number of fatigue cycles at a 
particular stress intensity range ßK and A and m are material constants. 
Recently, evidence has accumulated that establishes that the full 
excursion of the applied load or the full stress intensity range does not 
drive the crack tip forward due to a variety of phenomena often referred 
to as crack tip shielding [2,3]. This shielding arises as a consequence of 
the formation of contacting asperities between the surfaces of the fatigue 
crack. Since these contacting asperities bear a portion of the load, they 
modify the stress intensity at the tip , thereby altering the growth rate. 
Deviations from a constant ßK crack growth condition change the 
contact topology and thus the growth rate considerably. For the case of 
tensile overloads, results for the crack length as a function of applied 
fatigue cycles are obtained as shown in Fig. 1. These cracks were grown at 
a constant R-ratio(=Pmin/Pmax=O.l) first at a constant ßK (= 14 MPa ml/2), 
followed by an overload block (1 cycle for one of the cracks and 21 cycles 
for the other) at 2 ßK and subsequent cycling at ßK to extend the crack 
past the overload region. Growth of the crack after the overload is 
retarded for a period depending on the duration of the overload. 
The effect of the contacting asperities and changes therein on the 
crack growth has been labeled under the general name of "crack closure" . 
Originally this term was used to describe the observation of a 
nonlinearity in the crack opening displacement as a specimen, containing a 
crack, is cyclically loaded [2]. This closure then reduces the driving 
force on the crack from a simple calculation of the stress intensity range 
ßKeff - Krmax - Krmin [ 3, 4] to a more generally accepted form of ßKeff = Krmax 
- Krop or ßKeff - Krmax - Krcl• where Krop or Krcl are the loads required to 
open the last contact upon loading or to close the first contact upon 
unloading. Recently, it has been suggested [5] that a more appropriate 
measure may be ßKeff - Krmax - Krsh where Krsh is the maximum of the local 
stress intensity factor as schematically shown in Fig . 2. Very likely, 
Krsh is smaller than Kc1 or Kop• leading to a larger ßKeff than the openinp: 
or closing load would predict and thus a larger driving force. 
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Figure 1. Growth of two fatigue cracks with tensile overloads of different 
duration. 
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Figure 2. Global and local stress intensity factors as a function of 
external load . 
The amount of "crack closure" present at the tip of a growing crack 
and thus the magnitude of ßKe!! is dependent on the growth conditions of 
the crack. This paper will be concerned with the effects of tensile 
overloads on the topology of the crack tip and the detection of the 
changes in closure due to application of the overload and subsequent 
fatigue cycling. If, as seems likely, changes in the crack tip topology 
occur during the retardation period, detection of these changes could lead 
to predictions of the number of fatigue cycles remaining in the retarded 
condition and further to predictions of the subsequent crack growth rate 
after retardation ends. 
ULTRASONIC MEASUREMENT TECHNIQUE 
The experimental configuration for the ultrasonic measurements is 
shown in Fig . 3 (top). A fatigue crack in a compact tension specimen is 
illuminated by a longitudinal wave incident perpendicular to the crack and 
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focussed in the plane of the crack. The longitudinal wave transmitted 
directly past the crack is detected by a receiver placed coaxially on the 
opposite side of the sample. This signal is compared to that observed in a 
reference experiment where the beam is transmitted through the uncracked 
ligament of the sample. In this way, most of the influence of the 
measurement system is eliminated. The information obtained from this 
deconvolution is then directly characteristic of the crack topology. 
A set of transmission coefficient curves from two different cracked 
samples is shown in Fig. 3 (bottom) as a function of distance along the 
crack [6]. The crack extends into the figure from the right in both cases. 
The data were obtained from samples that differed in the duration of the 
overload that was applied to each crack. In both cases, the magnitude of 
the overload was twice that of the ßK during "normal" growth. The 
positions of the peaks in the transmission curves at approximately 15 mm 
correspond well with the position of the crack tip when the overload was 
applied in each case. 
ULTRASONIC MEASUREMENT RESULTS 
Figure 4 (left) illustrates the effect of application of a tensile 
overload on the ultrasonic response of a fatigue crack. The overload in 
this case was a 10 cycle tensile overload with a ßK of twice that used 
during the growth of the crack at constant R-ratio. The remainder of the 
crackwas grown using a constant ~K of 17 MPa ml/2. Two of the curves, one 
before and one directly after the overload, were taken under no load 
conditions. The other two were taken using a static load of 80% of the ßK 
used during the majority of the growth. 
The data taken before application of the overload show an 
"apparent" lengthening of the crack by application of the static load. 
This lengthening is due to the removal of the closure present near the tip 
of the crack by the static load. The actual crack tip in both curves is at 
the T=0.5 position for the loaded curve with no actual growth occurring 
because of the static load. Close examination of the data taken before the 
overload reveals a steepening of the curve by application of_ the static 
load, thus resembling a fully open crack in that case. 
Application of the 10 cycle overload to this crack causes the 
original crack tip to become blunted as shown by the similarity between 
the second and third data sets. Application of the overload then, removes 
the closure that was present at the tip of the original crack. In 
addition, application of a static load after the overload was applied 
revealed the presence of a tightly closed crack extension approximately 
1.3 mm long that was undetectable in the unloaded condition. This tightly 
closed crack can be found only by the application of the static load to 
force it open. Examination of the fracture surfaces of this crack after 
destruction of the sample confirmed the presence and approximate length of 
this new crack as a result of the overload. 
Figure 4 (right) illustrates the effect of variable static loads on 
the response of an ovarloaded fatigue crack during the retardation period. 
This crack had a 5 cycle overload of twice the normal ~K applied to it. 
The ultrasonic data shown was taken after 67,000 additional fatigue cycles 
subsequent to the overload. The three curves shown illustrate again the 
presence of a tightly closed crack due to the application of the overload. 
The tight crack in this case is approximately 1.2 mm long as measured 
between the K=O and K=0.82 Kmu curves. 
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Figure 3. Experimental configuration of ultrasonic investigation (top). 
Experimental through transmission response showing residual 
closure due to overload application (bottom). 
The solid curves are through transmission data taken from a sample 
containing an EDM slot, thus approximating an ideal crack, i.e. one that 
is fully open. Comparison of the data taken at K-0 and K-0.33 Km~ with 
the ideal crack curves reveals the presence of a small amount of closure 
at the apparent tip of the crack. This closure is evident due to the 
difference in slope between the ideal crack data and the fatigue crack 
curves. The transmission response of the fatigue crack does not become 
identical tothat of the ideal crack until the static load·reaches K-0.82 
Km~· Evidently the tightly closed crack produced by the overload retains 
some closure under static loading until the static load is sufficient to 
open the full length of the tight crack. This occurs at some critical load 
which must be less than 0.82 Kmu for this crack. 
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Figure 4. Effect of overload on crack response. Through transmission 
results before and after overload (left). Change in overload 
crack response due to crack-opening load (right). 
Figure 5 presents results from a 10 cycle overload crack. These 
results were taken at a static load of 0.80 ~~ at various times during 
the retardation period. The transmission coefficient data as shown on the 
left side of Fig. 5 are very similar in appearance with only slight 
differences as a function of the number of fatigue cycles after the 
overload. Data taken under conditions of zero static load for the same 
number of fatigue cycles show even less difference and are not presented 
here. The slight differences noted in Fig . 5 (left) can be seen much more 
clearly in the right hand side figure . The right side of Fig. 5 has been 
obtained by comparing each transmission coefficient curve in Fig. 5 (left) 
with the response from an ideal crack . If any of the actual crack 
responses truly represented a crack in the ideal crack condition in Fig. 5 
(left), then that responsein the comparison on the right side with be a 
horizontal line with a deviation from ideal of 0. The magnitude of change 
from 0 then is an indication of the amount of closure remaining near the 
tip of the crack. As can be seen from Fig. 5 (right), the data taken 
27,100 cycles after application of the overload most closely approximate 
this condition and thus exhibit the least closure. Thus, comparison of 
the deviation of the response after the four conditions shown from the 
response of an ideal crack shows that the amount of residual closure at 
the crack tip is significant immediately after the overload is applied, 
goes through a minimum after approximately 20,000 to 30,000 cycles for 
this crack and then increases as cycling is continued at the original ßK. 
It is speculated that this behavior is due to equilibration of the 
stress field around the crack tip. Application of the tensile overload 
changes the stress distribution around the crack tip but the duration of 
the overload is not sufficiently long to allow the new stress distributlon 
to come to equilibrium . After returning to the original ßK, the stress 
distribution created by the overload must come to equilibrium under the 
conditions then present. Evidently this occurs at approximately 25,000 
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Figure 5 . Effect of additional fatigue on response of crack with tensile 
overload. Through transmission results (left). Deviation from 
ideal crack behavior (right) .. 
cycles resulting in a fully open crack under a static load of 0.80 ~u· 
Closure again appears at the tip of the crack upon further cycling as the 
remaining retardation period becomes shorter. The delayed retardation 
reported by various authors [7-9] may have its cause in this equilibration 
of the stress fields around the crack tip. 
CRACK TIP SHIELDING 
The closure of the crack surfaces near the crack tip referred to in 
the preceding sections occurs due to the mismatch of the surfaces of the 
crack due to plastic deformation, sliding of the faces with respect to one 
another or accumulation of debris such as oxide particles and the residual 
stresses in the plastic zone. As an asperity contacts the opposite face, 
it carries a normal load P5 , thus producing a stress intensity factor K15 
on the crack tip. For the duration of the contact then, the crack tip is 
shielded from the driving force applied by the external loads .. For a crack 
grown under constant öK conditions, an individual contact makes a 
contribution to this shielding stress intensity factor [10] of 
1 (1) (l+(z/C)2] 
where C is the nearest distance between the contact and the crack tip and 
z is the coordinate along the crack front, as shown in Figure 6. 
Assuming a square array of contacts, superposition of the effects 
of a row of individual contacts and integrating over the entire region of 
closure yields Ksh• the shielding stress intensity factor. For a fatigue 
crack grown at constant ßK of 17 MPa ml/2, a numerical value for Ksh of 
1792 
I 
I 
I 
r 
/ r -----
Figure 6. Shielding stress intensity factor K15 for a single contact at a 
distance from the crack tip. 
6 . 8 MPa ml/2 was calculated. Thus shielding is a significant fraction of 
the driving force on the crack. 
Deviations from constant ßK growth change the contact topology 
considerably. On a fatigue crack [12] grown at a constant ßK of 14 MPa 
ml/2 followed by a 21 cycle overload block at 2ßK and subsequent cycling 
at ßK, ~ showed an additional peak along with the above mentioned 
exponential behavior, as shown in Fig. 7 (left). The additional peak 
occurred at the location of the crack tip when the overload was applied . 
By assuming a strip-like contact, the contribution of this peak to the 
shielding can be estimated from the width of the peak, its distance from 
the crack tip and the closure stress at the peak. We have calculated that 
K10v - 1. 2 MPa ml/2 for a total Kish of 8 . 0 MPa ml/2 . 
Assuming the modified Paris law controls the crack propagation rate 
and using the previous results, the growth rate after the overload is 
estimated tobe approximately 70% slower. From the data as shown in 
Figure 7 (right), the actual growth was about 50% slower, which is 
considered to be satisfactory agreement. 
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Figure 7. Distributed spring constan t as a function of position f or a 
fatigue crack containing an overload (left). Growth of a 
fatigue crack before and after tensile overload showing crack 
growth rate (right). 
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SUMMARY 
Observation of fatigue cracks in through transmission before and 
after application of a tensile overload has shown that during the overload 
an extension of a tightly closed crack is created along with a blunting of 
the original crack tip. Application of an external load is necessary for 
detection of this "tight" crack. This crack undergoes subtle changes 
during subsequent cycling that may allow prediction of the remaining time 
in the retarded condition . These changes can only be observed during 
application of external loads to force opening of the new crack. 
Calculation of the shielding stress intensity factor is possible 
using certain assumptions. Confirmation of these assumptions will be made 
in the future using diffraction experiments. For the time being, however, 
the calculation of the shielding stress intensity factor and further crack 
propagation rate calculations provided satisfactory agreement with 
experimentally observed rates. 
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